In this work we investigated the longitudinal (zonal) variability of H 2 O and ammonia (NH 3 ) hydrate ices on the surface of Charon through analysis of the 1.65 µm and 2.21 µm absorption features, respectively. Near-infrared spectra presented here were obtained between 2015-07-14 and 2015-08-30 UT with the OSIRIS integral field spectrograph on Keck I. Spectra centered on six different sub-observer longitudes were obtained through the Hbb (1.473-1.803 µm) and Kbb (1.965-2.381 µm) filters. Gaussian functions were fit to the aforementioned bands to obtain information on band center, band depth, full width at half maximum, and band area. The shift in the band center of the temperature-dependent 1.65 µm feature was used to calculate the H 2 O ice temperature. The mean temperature of the ice on the observable portion of Charon's surface is 45±14 K and we report no statistically significant variations in temperature across the surface. We hypothesize that the crystalline and amorphous phases of water ice reached equilibrium over 3.5 Gyr ago, with thermal recrystallization balancing the effects of irradiation amorphization. We do not believe that cryovolcanism is necessary to explain the presence of crystalline water ice on the surface of Charon. Absorption from ammonia species is detected between 12
Introduction
Charon, the largest moon of Pluto, was serendipitously discovered in 1978 as an unresolved extension to Pluto's disk that predictably changed position (Christy and Harrington, 1978) . In the nearly four decades since its discovery, and especially since the mutual events in the late 1980s (Buie et al., 1987; Marcialis et al., 1987) , studies focused solely on Charon remain sparse due largely to the difficulty in isolating Charon from Pluto from most ground-based observatories. Charon orbits the system barycenter at a distance of 19,750 km, or ∼17 R P luto (Tholen et al., 2008; Brozović et al., 2015) ; this translates to a maximum angular separation of less than 1 at Pluto and Charon's geocentric distance in 2015 (∼32 AU). Spectral observations of Charon were once best suited for space-based facilities, however, ground-based facilities with large-class telescopes and adaptive optics systems can now effectively obtain unblended spectra of Pluto and Charon at these small separations. Observations of Charon from the New Horizons flyby provide spatially resolved "ground truth" context for previous and future Earth-based observations.
The near-infrared spectrum of Charon is dominated by absorption features of water ice (Brown and Calvin, 2000; Buie and Grundy, 2000; Dumas et al., 2001) , with over 90% thought to be in the crystalline phase (Cook et al., 2007; Merlin et al., 2010) . The only other confirmed ice species detected on Charon is ammonia (NH 3 ) hydrate, with an absorption feature at 2.21 µm (Brown and Calvin, 2000; Buie and Grundy, 2000; Dumas et al., 2001; Cook et al., 2007; Verbiscer et al., 2007; Merlin et al., 2010) . Both crystalline water ice (Buie and Grundy, 2000; Dumas et al., 2001 ) and ammonia hydrate (DeMeo et al., 2015) may show evidence for differences in absorption between the leading and trailing hemispheres. A difference in surface ice temperature of over 10 K between the sub-Pluto and anti-Pluto hemispheres was calculated by Cook et al. (2007) ; however, they assigned uncertainties of 5-10 K to the temperature measurements, so the calculated difference may not be real.
The lack of volatile ices (N 2 , CH 4 , and CO) on Charon is consistent with theories of volatile loss and retention on small outer solar system objects Johnson et al., 2015) . At 45 K (this work), the partial pressures of N 2 (∼0.6 mbar), CH 4 (∼0.2 µbar), and CO (∼0.1 mbar) are high enough to form an atmosphere (Fray and Schmitt, 2009) . New Horizons observations of a solar occultation in the UV place 3-σ upper limits on Charon's surface pressure at 4.2, 0.3, and 1.2 picobar for atmospheres composed solely of N 2 , CH 4 , and CO, respectively (Stern et al., submitted) . This means Charon's volatiles escaped from its atmosphere and surface over the age of the solar system; small quantities may exist on the surface, but if so, are well below the threshold for detectability. In contrast, the non-volatile ices H 2 O and NH 3 are detected on Charon; due to their negligible partial pressures (Fray and Schmitt, 2009 ), these ices are retained. Cook et al. (2007) define the e-folding time for the conversion of crystalline water ice to amorphous water ice as the time necessary to reduce the crystalline fraction (ratio of crystalline water ice to total water ice) from 1 to 1/e. The crystalline fraction is an exponential function and decreases with increasing radiation dosage, which is a function of heliocentric distance and time (Cooper et al., 2003) . The e-folding time for crystalline water ice to be converted to amorphous water ice in a radiation environment of 1 eV-10 GeV protons, without considering recrystallization processes, is 1.5 Myr; this is down to the depth probed by near-infrared H and K band observations (∼350 µm; Cook et al., 2007) . The destruction of ammonia hydrate down to this same depth in the same radiation environment is 20 Myr (Cooper et al., 2003; Cook et al., 2007) . The amorphous phase, which only makes up ∼10% of the water ice content on Charon (Cook et al., 2007; Merlin et al., 2010) , should dominate in high-radiation environments since crystalline water ice requires a formation temperature greater than 140 K (Leto and Baratta, 2003) , well above the surface temperature of Charon. However, laboratory work suggests that thermal recrystallization achieves an equilibrium with irradiation amorphization after a period of time that depends on temperature (Leto and Baratta, 2003; Mastrapa and Brown, 2006; Zheng et al., 2009 ). The observed fractions of crystalline and amorphous water ice on Charon may be real and potentially explainable without invoking a replenishment mechanism (see Results & discussion) .
Crystalline water ice is formed in an orderly lattice structure while amorphous water ice is a random organization of water molecules. This structural difference results in distinctive absorption features between the spectra of the two phases. In particular, an absorption feature at 1.65 µm is present only in the spectrum of crystalline water ice and is absent in the spectrum of amorphous water ice (Grundy and Schmitt, 1998) . This absorption feature is of special interest because it is temperature-dependent: The shift of the band with respect to a reference value provides a means of measuring the temperature and was used in previous work to calculate the surface temperature of Charon (e.g., Cook et al., 2007) . Verbiscer et al. (2006) modeled spectra of Charon and found that ammonia hydrate suppresses the 1.65 µm crystalline H 2 O band. It is possible that the presence of ammonia hydrate in an intimate mixture with water ice could shift the 1.65 µm band center, but optical constants for such a mixture are limited to laboratory measurements at 77 K (Brown et al., 1988) . Lacking definite information, we performed this work under the assumption that ammonia hydrate does not shift the 1.65 µm band center.
Observations
Pluto and Charon were observed on 6 nights in Summer 2015 using the OH-Suppressing Infra-Red Imaging Spectrograph (OSIRIS) on Keck I (Larkin et al., 2006; Mieda et al., 2014) . The motivation and design of these observations was to obtain marginally resolved spectral cubes of Pluto at spectral resolutions 10 times higher than that from New Horizons. We present an analysis of Charon here. Pluto will be addressed in a later paper. Observational circumstances for each night are found in Table 1 and the hemisphere of Charon visible on each night is shown in Fig. 1 . Over the 6 nights, a total of 240 minutes of H band observations and 260 minutes of K band observations were obtained. Spectra of Pluto and Charon were also obtained in 2010, 2012, and 2013 but were not included in this work because we wished to focus on those data taken during the New Horizons flyby epoch for direct comparison to New Horizons results. This direct comparison places ground-based observations in the context of the "ground truth" provided by New Horizons and will enhance the results of later analysis of previous years' data.
The OSIRIS instrument
The OSIRIS instrument is a spectrograph equipped with an integral field unit (IFU), so it obtains spectra at multiple spatial locations within the field of view. We used OSIRIS in conjunction with the adaptive optics (AO) system on Keck I to reduce the size of the point spread function (PSF) for Pluto and Charon. The AO system was operated in laser guide star (LGS) mode on one night (2015-07-14 UT) and in natural guide star (NGS) mode for the other five nights. NGS mode was preferred and used more frequently than LGS mode due to above-average seeing (∼0.3 in H) and because LGS required a 45-60 minute laser check-out period. After passing through the AO system, light from a rectangular region of sky passes through an array of lenslets and onto a grating, producing overlapping spectra on the detector. Each lenslet roughly corresponds to one pixel on the detector.
We observed Pluto and Charon in the near-infrared through the broadband Hbb (H band, 1.473-1.803 µm) and Kbb (K band, 1.965-2.381 µm) filters that use a 16×64 lenslet array, for a total of 1,019 overlapping spectra (five spectra fall off the edge of the detector). The dispersion of the Hbb and Kbb filters is 0.000200 and 0.000250 µm/pixel, respectively, and the average spectral resolution is ∼3800. For comparison, the spectral resolution of the Linear Etalon Imaging Spectral Array (LEISA) on the New Horizons spacecraft is 250 between 1.25 and 2.50 µm, with a special region of higher resolution (λ/∆λ∼560) between 2.10 and 2.25 µm (Reuter et al., 2008; Young et al., 2008) . OSIRIS therefore provides a spectral resolving power over 15× higher than LEISA over the full spectral range, and almost 7× higher over LEISA's special region.
Observing strategy
Our observations were made using the finest plate scale of 0.020 per lenslet, resulting in a 0.32 ×1.28 field of view. This field of view was aligned along the imaginary line connecting Pluto and Charon, with Charon always at the top of the field and Pluto always at the bottom (Fig. 2) ; consistent alignment helped simplify the reduction process. In Summer 2015, Pluto and Charon were ∼32 AU from the Earth, resulting in a spatial resolution of ∼500 km/pixel. At this resolution, Charon was over two pixels in diameter and the centers of the two bodies were separated by >30 pixels on the chip (Fig. 2) . Adaptive optics and the large separation between Pluto and Charon significantly reduced cross-contamination so separate spectra of each object could be extracted. The range of angular separations during the observing period for Styx (1.47-1.82 ), Nix (1.60-2.19 ), Kerberos (1.98-2.54 ), and Hydra (2.21-2.85 ) placed them outside the field of view; additionally, they are too faint to be detected by OSIRIS.
An A-B-A-sky dither pattern was used to ensure that Pluto and Charon did not fall on the same pixels throughout the night. The magnitude of the dither was small enough that both Pluto and Charon were in the field of view in every image, even at larger angular separations. The sky image from each set was used in the reduction to remove sky background; AB subtraction was not performed, hence the use of a small dither. The integration time for each component of the dither sequence was 8 min in the Hbb filter and 5 min in the Kbb filter. The integration time for the Kbb filter was shorter due to higher levels of sky background in the K band.
These observations provided near-complete longitudinal coverage of Charon over a 1.5 month span (Table 1) . Six sets of observations separated in sub-observer longitude by 60
• provide ideal coverage, but this is difficult to perform in a short time frame due to the 6.4-day rotation of Charon. Due to an unanticipated failure of an important component of the OSIRIS instrument in late June 2015, we were unable to observe on our preferred (and originally scheduled) dates in early July. However, because it was crucial that these observations be made around the time of the New Horizons flyby through the Pluto system, our lost nights were rescheduled. This resulted in some regions of Charon being oversampled while others were undersampled. The longitudinal coverage was still adequate for the purposes of quantifying variability across the surface of Charon. A solar analog was observed at the beginning of each night in both the Hbb and Kbb filters to correct the Charon spectra for solar absorption lines. Spectra of the solar analog HD 159662 (G2/G3 V spectral type; Houk and Smith-Moore, 1988) were used for this purpose. 
Reduction
A more detailed description of the reduction strategy is presented in Appendix A; reduced Charon spectra corrected for solar and telluric absorption are available as supplementary material online. The raw data were first processed through the OSIRIS Data Reduction Pipeline (DRP; Krabbe et al., 2004) to produce 3D data cubes (1 spectral and 2 spatial dimensions). We created 2 sets of data cubes: dark-and sky-subtracted. The master dark of the appropriate exposure time was subtracted from all 4 images in a set (3 science, 1 sky) to produce the dark-subtracted data cubes. The sky-subtracted data cubes were constructed by subtracting the sky image of each set from the other images in the set; dark subtraction was not explicitly performed because sky subtraction implicitly includes dark subtraction. The rest of the reduction was handled using in-house IDL routines. The trace and aperture radii were determined in * The rotation periods of Charon and Pluto and Charon's orbital period are equal (∼6.4 days). We use the preferred coordinate system where the sub-Pluto point on Charon is at 0
• longitude and the anti-Pluto point is at 180
• longitude (Zangari, 2015) . The sub-observer longitude decreases with time and differs by 180
• between Pluto and Charon. each data cube from the mean (spectrally-averaged) image; different aperture radii were used for Pluto, Charon, and the solar analog to minimize the addition of noise. One-dimensional spectra were extracted from the sky-subtracted data cubes by summing the values in each pixel of the circular apertures surrounding Pluto, Charon, and the solar analog star. We constructed a wavelength solution from the measured positions of OH emission lines in the dark-subtracted data cubes and published vacuum wavelength values (Rousselot et al., 2000) ; our wavelength solution was nearly identical to the one output by the DRP, so we used our wavelength solution. Telluric absorption was corrected for by dividing the science spectra by ATRAN models of atmospheric transmission (Lord, 1992) . The telluric-corrected Charon spectra were divided by the telluric-corrected solar analog spectrum in the appropriate band from that night to remove solar absorption features, yielding units of arbitrary albedo. This was converted to geometric albedo by scaling to the Charon spectrum in Fig. 3 of Buie and Grundy (2000) . An adjustment to the geometric albedo was applied to correct for differences in radii: Buie and Grundy (2000) used 593 km, while Stern et al. (2015) report a value of 606 km from New Horizons.
Figure 3: Charon night averaged spectra computed as robust averages (3-σ) of the reduced spectra from each given night (dates are marked between each H and K pair). The spectra are offset in intervals of 0.5 in geometric albedo for clarity. Vertical dashed lines mark the approximate centers of the 1.65 µm crystalline water ice band and the 2.21 µm ammonia hydrate band. The highest signal-to-noise spectra were obtained on 2015-07-18 and 2015-07-24, and these two nights dominate the grand average (calculated using a weighted average).
Figure 4: Charon grand average spectrum computed as a weighted average of the night averaged spectra. This spectrum was scaled to the Charon spectrum from 3 of Buie and Grundy (2000) , with an additional correction for differences in Charon radii: Buie and Grundy (2000) used 593 km and we used 606 km from Stern et al. (2015) . Exceptionally strong telluric absorption is present in the blank central portion; for this reason, no OSIRIS filter covers this wavelength region. The strong crystalline H 2 O feature at 1.65 µm and the weaker ammonia hydrate feature at 2.21 µm are the focus of this work. Other absorption features at 1.5 and 2.0 µm are due to a combination of amorphous and crystalline water ice; another crystalline band is present at 1.56 µm (Mastrapa et al., 2008) . The source of absorption at wavelengths >2.25 µm is unknown (Buie and Grundy, 2000) .
Analysis
Charon night averaged spectra were calculated as robust (3-σ) averages of the individual H and individual K spectra from a given night. Uncertainties on the albedo in each wavelength bin were computed as the standard deviation of the albedo values in each bin. The night averaged spectra are presented in Fig. 3 . The Charon grand average spectrum (Fig. 4 ) was computed as a weighted average of the night averaged spectra using Gaussian weighting (1/σ 2 ).
We assumed the 1.65 µm and 2.21 µm absorption bands and surrounding continuum regions had the functional form (Gaussian + 1) × polynomial. From this we extracted fit values for the amplitude, band center, and 1/e half width of the absorption bands. We modeled the continuum regions (the adjacent regions on either side of the absorption features) differently for the 1.65 µm and 2.21 µm bands. We performed a linear fit to the relatively linear regions on either side of the 1.65 µm band; to avoid influencing the fit, points in the band itself were not considered.
The continuum wavelength regions were 1.610-1.624 µm and 1.684-1.714 µm. For the 2.21 µm band, we fit a third order polynomial to the wavelength regions between 2.115-2.190 µm and 2.230-2.320 µm. The entire spectrum was then divided by the best-fit polynomial, setting the continuum regions to an average value of +1. This offset was removed so that the continuum was at an average value of zero, thus removing a parameter from the Gaussian fit to the band. Using the IDL routine mpfitpeak † , a Gaussian of the form ae −(λ−µ) 2 /2w 2 was fit from 1.610-1.714
µm for the 1.65 µm band and from 2.190-2.230 µm for the 2.21 µm band. The band depth (amplitude), a, band center, µ, and 1/e half width, w, were the fit parameters. We fit for the 1/e half width, however, the full width at half maximum (FWHM) can be calculated from this quantity by means of FWHM=2w √ 2ln2. The band area, a quantity related to equivalent width, provides a measure of the amount of an absorbing species on the surface and is proportional to the product of the band depth and the 1/e half width (aw √ 2π). The band center was used to calculate the ice temperature from the 1.65 µm crystalline water ice band, as described later in this section. Uncertainties on the fit parameters were determined using standard methods for least squares fitting (e.g., Section 15.4 of Press et al., 2007) .
As a side note, we initially performed a full 5-parameter sloped Gaussian fit to both absorption bands, as was done in DeMeo et al. (2015) for the 2.21 µm band. The resulting fits poorly matched the data and were accompanied by large uncertainties on the parameters. Fitting so many parameters at once was likely the cause of the poor fits. The two-step process described above was significantly more effective at modeling the absorption features. Additionally, we found that a third order polynomial was a better fit to the continuum on either side of the 2.21 µm feature, and used that as our model instead of a line. Fig. 5 and 6 show the Gaussian fits to the data and residuals (data minus model) for the 1.65 µm and 2.21 µm bands, respectively. In Tables 2 and 3 , the values reported in parentheses are uncertainties on the last two significant figures of the parameter value. Additionally, Table  2 provides values and uncertainties for the wavenumber of the band center,ν = 1/λ. Table 3 also presents the FWHM and the band area. Values from the grand average spectrum (Fig.  4) are also found in Tables 2 and 3 (see "Grand avg." rows); values and uncertainties from the grand average are presented in Fig. 7 and 9 as solid and dashed lines, respectively. The values from the grand average spectrum are in agreement with the averages of all the nightly values, within the uncertainties. We ignored phase angle effects in this work and the temporal evolution of surface ice distributions on Charon due to the short duration over which the observations were obtained (∼1.5 months). A look-up table, created using the IDL routine alpha h2o ‡ and data from Grundy and Schmitt (1998) , was used to determine the temperatures that correspond to the calculated 1.65 µm band centers. The alpha h2o routine computes the absorption coefficients, α, of crystalline water ice as a function of wavelength between 20 and 270 K over a wavelength range of the user's choice. We used alpha h2o to compute the absorption coefficients for temperatures between 20 and 100 K in steps of 1 K from 1.6102-1.7142 µm. The location of the 1.65 µm band center at each temperature value was obtained (to a precision of 0.0001 µm) by determining the wavelength corresponding to the maximum absorption coefficient in the modeled wavelength range (a larger absorption coefficient results in a deeper absorption band in the near-infrared spectrum). These temperature-wavelength pairs were placed in our look-up table and used to determine the surface ice temperatures and uncertainties presented in Table 2 . The results of the ice temperature calculation from the shift of the 1.65 µm crystalline H 2 O band are presented in Fig. 7 . The mean surface ice temperature on the observable portion of Charon and its uncertainty, 45±14 K, are represented by horizontal lines. No longitudinal temperature variations were detected on Charon and all temperature measurements are consistent with the grand average value, as expected. The large uncertainties on temperature in this work are due to a combination of modeling uncertainties in Grundy and Schmitt (1998) and the SNR of the 1D spectra in this work. Summing all the pixels of the Charon aperture within each wavelength bin introduces read noise from each pixel (the Charon aperture was typically 16 pixels in area). Our observations are read noise limited so this is a significant contributor to the noise in the final 1D spectra.
Our temperature distribution agrees with the results of Cook et al. (2007) Lellouch et al. (2011) . Comparing our mean ice temperature to thermal measurements and thermophysical modeling, we note that long-wavelength thermal emission is proportional to temperature (Rayleigh-Jeans approximation) so the brightness temperature of 43.7±0.2 K from ALMA (Bryan Butler, personal communication) is directly comparable to, and in good agreement with, our measurement of 45±14 K. Pluto and Charon were unresolved in the Spitzer observations but fully separated in the ALMA observations. We investigated if this temperature distribution was consistent with the observed visible § The low SNR of the night averaged spectrum for 2015-07-14 UT is likely responsible for the positive amplitude of the Gaussian fit to the 2.21 µm band on this night (Fig. 6 ).
geometric albedo (p V ) variations across Charon (Buie et al., 2010) . For this calculation, we assumed that the ice temperature was proportional to (1-A) 
Water ice phase
The presence of crystalline water ice on Charon is not in doubt since the 1.65 µm band, unique to the crystalline phase, is clearly detected in spectra. What is less obvious is the reason why crystalline water ice is present at all, not to mention that it is present in such large quantities (∼90%; Cook et al., 2007; Merlin et al., 2010) . Conversion of water ice from the crystalline phase to the amorphous phase should take ∼1.5 Myr (Cooper et al., 2003) , assuming a radiation environment of 1 eV-10 GeV protons and no recrystallization processes. Other authors have suggested that the large quantity of crystalline water ice is due to surface replenishment processes such as cryovolcanism or solid state convection (e.g.: Cook et al., 2007; DeMeo et al., 2015) . Due to Charon's small diameter, low density (∼1.7 g cm −3 ), highly circular orbit (e=0.00005), and ancient surface (≥4 Gyr), the most likely sources that would drive these processes, internal and tidal heating, are probably negligible in the present day (Stern et al., 2015) . Indeed, no signs of present-day cryovolcanic or solid state convection were noted on Charon's encounter hemisphere (Moore et al., 2016) . Laboratory studies of water ice in its various phases provide a less complicated explanation. Conversion of water ice from the crystalline to the amorphous phase is a reversible process that depends on temperature (Leto and Baratta, 2003; Mastrapa and Brown, 2006; Zheng et al., 2009) . These studies used different particles (Lyman-α photons, ions, and electrons, respectively) to bombard samples of crystalline water ice, but the results are comparable since the secondary processes (interactions with electrons and ions produced during previous reactions) are independent of the primary particle and are more important than the identity of the primary particle in altering the state of the water ice (Zheng et al., 2009 ). The conclusion of these experiments is that thermal recrystallization provides a non-negligible balance to irradiation amorphization at temperatures greater than 30 K. After an appropriate amount of time has elapsed (dependent on the temperature) an equilibrium is reached between these two processes and the crystalline-to-amorphous ratio remains constant. Fig. 8 shows that the time needed to reach this equilibrium is less than 1 Gyr for temperatures between 30 and 50 K. Also, the equilibrium ratio of crystalline-to-amorphous water ice is higher at higher temperatures. Zheng et al. (2009) did not quantify the crystalline-to-amorphous ratio explicitly, but instead measured a related quantity, δ, the ratio of the 1.65 µm band depth after irradiation to the band depth prior to irradiation. We used Eq. 1 from Zheng et al. (2009) , δ(t)=1-B(1-e −t/k 1 ), where the constants B and k 1 are amplitude and e-folding time, respectively, to construct the curves in Fig. 8 . We took the values for B and k 1 at 30 K (B=0.79±0.06, k 1 =0.109±0.018 Gyr) and 50 K (B=0.39±0.06, k 1 =0.087±0.018 Gyr) from Table 1 of Zheng et al. (2009) . The scale factor between irradiation time in the laboratory and actual time on the surface of a KBO is 44 hours per 1.6 Gyr (Cooper et al., 2003; Zheng et al., 2009) . Since thermal recrystallization rates increase with temperature (Zheng et al., 2009) , the equilibrium state between crystalline and amorphous water ice will be weighted more toward the maximum temperature reached. We consider Charon as a fast and slow rotator to calculate the range of maximum temperatures. A fast rotator is an object with a high thermal inertia, meaning that the surface will maintain an elevated temperature for a considerable period following the time of maximum solar insolation (local noon). A slow rotator has a low thermal inertia, resulting in the entirety of the surface in instantaneous equilibrium with incoming solar radiation. For a fast rotator, (e.g., Sicardy et al., 2011) , this is near 50-53 K assuming A∼0.25 as before, and a beaming parameter of 0.9-0.7. (The beaming parameter takes into account the increased flux from an object at small phase angles, a phenomenon known as the opposition effect.) For Charon as a slow rotator, the maximum temperature would be much higher, 67-71 K, beyond the range of temperatures probed by Zheng et al. (2009) . Lellouch et al. (2011) find that Charon is not in instantaneous equilibrium with incoming solar radiation and is therefore not a slow rotator. Moore et al. (2016) indicate that the youngest surface age on Charon is ∼4 Gyr, suggesting that placement of crystalline water ice occurred at this time. It is likely that Charon underwent differentiation following the giant impact that created the system (Canup, 2011) and that water, in some form, was brought to the surface afterwards. Extensional features observed on Charon may be due to a sub-surface ocean that froze, resulting in the eruption of ice onto the surface (Moore et al., 2016) . This cryovolcanic period ∼4 Gyr ago was likely global in extent since water ice absorption is observed at every longitude on Charon (Grundy et al., 2016) . See the text for the equation for δ; constants were taken from Table 1 of Zheng et al. (2009) . The values of δ presented on the right are the asymptotic values that the curves approach. The vertical dotted lines mark the point in time when the slope has effectively flattened out, corresponding to approximately 6.5k 1 , where k 1 is the e-folding time of δ (time required for δ to decrease to 1/e of its original value when the sample is exposed to radiation).
Crystalline water ice was detected on the other large KBOs Haumea Dumas et al., 2011 ), Orcus (de Bergh et al., 2005 , and Quaoar (Fornasier et al., 2004; Jewitt and Luu, 2004) . A replenishment mechanism has been invoked to explain the presence of crystalline water ice on each of these bodies. The surface temperatures of these objects are: ≤40 K for Haumea (Merlin et al., 2007) , ≤44 K for Orcus (Barucci et al., 2008) , and 44 K for Quaoar (Fraser et al., 2013) . It is conceivable that thermal recrystallization is an important process on these KBOs as well. Improved temperature estimates for these bodies would provide vital tests of this theory. Firm detections of crystalline water ice on smaller objects where surface replenishment is unlikely, particularly the four minor moons of Pluto (Styx, Nix, Kerberos, and Hydra) supports this theory (Cook et al., 2016) .
Ammonia hydrate ice
The results of the band-fitting analysis for the 2.21 µm ammonia hydrate absorption band are presented in Fig. 9 . Four separate plots are presented: band center, band depth, band FWHM, and band area (aw √ 2π) as functions of sub-observer longitude. Grand average values are again presented as horizontal lines in each plot. All quantities are consistent with their respective grand average values, as expected. Note that the plotted points indicate the subobserver longitude at the time of the observations but the entire visible hemisphere of Charon (sub-observer longitude ± 90
• ) contributes flux to the spectra. We report the detection of ammonia hydrate on the visible hemispheres centered on the sub-observer longitudes 102
• , 124
• , and 200
• , corresponding to a total detection range of 12
• to 290
• longitude. Non-detections of ammonia hydrate are reported at the visible hemispheres centered on the sub-observer longitudes 253
• , 322
• , and 359
• (the error bars on the band areas at these sub-observer longitudes,
shown in the bottom plot of Fig. 9 , extend to 0 µm, suggesting the possibility of no absorption due to ammonia hydrate). Fig. 3 from DeMeo et al. (2015) presents the same ammonia hydrate band properties plotted against longitude (except that our band area includes an extra factor of √ 2π), and they report statistically significant variations in band center and band depth. We report no statistically significant variations in any of the ammonia hydrate band properties; the higher SNR of their data may be responsible for the discrepancy. Grundy et al. (2016) reported a low level of ammonia at every longitude of the New Horizons encounter hemisphere (∼270-60
• ), with higher concentrations in bright-rayed craters (see Fig. 8c of that paper). Dalle Ore et al. (2016) report uniform distribution and composition of ammonia species across the equatorial region of the encounter hemisphere from New Horizons data. In terms of longitudinal coverage, our results complement the ammonia distribution from New Horizons (Dalle Ore et al., 2016; Grundy et al., 2016) , and together they suggest that ammonia is uniformly distributed across the surface of Charon. The ratio of pure ammonia to its hydrated states is unknown and we provide no additional constraints because of the difficulty in separating the effects of these different species on the shape of the 2.21 µm band. Ammonia and its various hydrated states absorb at this wavelength, with the hydrates broadening the band (Strazzulla and Palumbo, 1998; Moore et al., 2007) ; the grand average and most night averaged spectra show a broad absorption feature, requiring the presence of hydrated ammonia (Fig. 3, 4 , and 6). The 2.21 µm band depth and band Figure 9 : In all panels, the value obtained from fitting the 2.21 µm ammonia hydrate band from the grand average spectrum (Fig. 6 ) is shown as a solid horizontal line. The dashed lines and error bars represent 1-σ uncertainties. The values for FWHM and band area are truncated at 0 µm, resulting in asymmetric error bars for some points (Table 3 ). All quantities are consistent with their respective grand average values. Top panel: Variation of the 2.21 µm band center with sub-observer longitude. Top middle panel: Variation of the 2.21 µm band depth (measured in normalized albedo) with sub-observer longitude. This band depth is measured as the difference between zero and the minimum of the Gaussian, resulting in a negative number. Positive values simply mean that the spectrum was noisy enough to increase the uncertainty on the fit parameters or prevent detection of the absorption feature altogether. Bottom middle panel: Variation of the 2.21 µm band full width at half maximum (FWHM) with sub-observer longitude. Bottom panel: Variation of the 2.21 µm band area with sub-observer longitude. The band area was calculated as aw √ 2π, yielding units of µm.
area distributions show no variability, within the error bars, indicating a uniform concentration and/or grain size. Statistically significant differences in band center across Charon's surface would suggest regional differences in the mixture of ammonia and ammonia hydrates (Strazzulla and Palumbo, 1998; Moore et al., 2007) . Since no variation in band center was detected at the spatial resolution of this work, the mixture of ammonia species is assumed to be uniform as well.
The presence of ammonia on Charon is unexpected at first given that a majority of ammonia in the upper ice layers should be destroyed within 20 Myr in a 1 eV-10 GeV proton radiation environment (Cooper et al., 2003; Cook et al., 2007) . For crystalline water ice, radiation breaks and reforms the bonds between molecules, thus converting water ice from the crystalline to the amorphous phase. For ammonia ice, the individual molecules are dissociated by radiation and cosmic rays, not undergoing a phase conversion. Although ammonia can also exist in crystalline and amorphous phases, absorption at 2.21 µm is not unique to one phase (Moore et al., 2007) . In pure ammonia ice, reforming dissociated ammonia molecules is possible, however, the presence of water molecules hinders this process, and is likely the case on Charon's water ice dominated surface (Moore et al., 2007) . Some process is likely renewing ammonia in the surface layers by drawing on a reservoir that is protected from radiation and cosmic rays.
One possibility is the diffusion of ammonia through a thick layer of water ice, a process that also results in the hydration of ammonia (Uras and Devlin, 2000; Livingston et al., 2002) . The ammonia may be primordial, contained in the progenitor bodies that collided to form Pluto and Charon (Canup, 2011) . Ammonia depresses the freezing point of water and potentially played a role in the cryovolcanic episode ∼4 Gyr ago (Moore et al., 2016) . The ammonia in the upper layers would then have been quickly destroyed, but the ammonia further from the surface would have survived. Ammonia on Charon's surface in the present day can be explained by the slow diffusion rate through the upper layers of water ice and by impact gardening. This idea is supported by Fig. 8c from Grundy et al. (2016) , which shows a high concentration of ammonia ice correlated with the bright rays of an impact crater, suggesting that sub-surface ammonia was excavated by the impact. Additionally, the heat of the impact may have increased the diffusion rate of ammonia in this localized region. Not all craters with bright rays have higher concentrations of ammonia though, likely because of their different times of formation and the relatively fast dissociation of ammonia molecules. The bright rays would not have enough time to darken prior to the destruction of the ammonia.
Ammonia was positively identified on Orcus (Barucci et al., 2008) and the minor moons of Pluto (Cook et al., 2016) . Ammonia was tentatively identified on Quaoar (Barucci et al., 2015) . Observations of Orcus at different sub-observer longitudes would provide information on the distribution of ammonia across the surface of the KBO. Barucci et al. (2008) only observed Orcus for 100 minutes, or about 8% of its rotation period , so the spectra are only from one hemisphere. Ammonia may be present on Haumea, a KBO with very strong water ice absorption bands, and its largest moon, Hi'iaka (Barkume et al., 2006) . Others argue that ammonia is absent on Haumea Pinilla-Alonso et al., 2009 ). Higher SNR spectral observations of Haumea are necessary to determine if ammonia is present at any sub-observer longitude. Haumea also underwent a giant impact at some point in its history, one large enough to remove ice, spin-up the body into an ellipsoid, form two satellites, and create a collisional family in the Kuiper Belt . Since they all have similar origins, comparison of the surface compositions of Charon, Haumea, and its family members may therefore provide insight into the origin of ammonia on KBOs. In general, further spectral observations of small to intermediate-sized KBOs, even if ammonia is not detected, would improve our understanding of the surface processes at work on these bodies.
Summary
Six nights of near-infrared spectral observations of Pluto and Charon were obtained at different sub-observer longitudes between July 14 and August 30, 2015 UT, with the OSIRIS instrument on Keck I. These ground-based spectra have a higher spectral resolution than the LEISA instrument on New Horizons (Reuter et al., 2008; Young et al., 2008) , complementing the high spatial resolution data obtained by New Horizons. Charon spectra, uncontaminated by reflected light from Pluto, were extracted from our data. We analyzed the 1.65 µm crystalline water ice and the 2.21 µm ammonia hydrate ice absorption features with the results summarized below:
• The ice temperature on Charon was calculated from the band center shift of the temperaturedependent 1.65 µm crystalline H 2 O band (Grundy and Schmitt, 1998) . The mean surface ice temperature on the observable portion of Charon, calculated from the grand average spectrum, is 45±14 K. This is consistent with the results of previous work (Cook et al., 2007; Lellouch et al., 2011; Bryan Butler, personal communication) . The temperature as a function of longitude shows negligible variation across the surface of Charon and small temperature variations (<1 K) due purely to albedo variations cannot be ruled out at our precision.
• At temperatures ≥30 K, complete amorphization of crystalline water ice does not occur (Leto and Baratta, 2003; Mastrapa and Brown, 2006; Zheng et al., 2009 ). An equilibrium is reached between irradiation amorphization and thermal recrystallization, and therefore between the crystalline and amorphous water ice phases, between 0.52 and 0.73 Gyr for a surface temperature between 30 and 50 K (Zheng et al., 2009) . The maximum surface temperature is likely higher, about 50-53 K for a fast-rotating Charon at its current distance from the Sun. The placement of crystalline water ice on the surface of Charon likely occurred ∼4 Gyr ago (Moore et al., 2016) , meaning that equilibrium was reached over ∼3.5 Gyr ago. We do not believe that cryovolcanism is necessary to explain the presence of crystalline water ice on the surface of Charon.
• Ammonia hydrate was detected between 12
• and 290
• longitude in this work. In agreement with results from New Horizons (Grundy et al., 2016; Dalle Ore et al., 2016) , we find that ammonia species on Charon are globally distributed. The longitudinal distributions of the band center, band depth, FWHM, and band area of the 2.21 µm ammonia hydrate absorption feature were found to be uniform. The lack of variability of the band center points to a uniform composition of ammonia species across the surface.
• The presence of ammonia ice everywhere on Charon's surface requires a means of replenishment since it is dissociated on ∼20 Myr timescales (Cooper et al., 2003; Cook et al., 2007) . Ammonia was likely a primordial component of the progenitor bodies that collided to form Pluto and Charon, and may have played a role in the global cryovolcanic episode ∼4 Gyr ago (Moore et al., 2016) . Since that time, ammonia has been slowly diffusing its way through the thick overlying layer of water ice and may occasionally be brought to the surface in larger quantities by impacts. This explains the presence of hydrated ammonia and its ubiquity across the surface.
Next-generation telescopes coming online in the 2020s will provide significant improvements in spectral resolution and signal-to-noise, allowing for spectral studies of smaller KBOs. Characterization of the surface compositions of small to intermediate-sized KBOs will further enhance our understanding of how the various physical and chemical processes shape the surfaces of objects in the Kuiper Belt.
Appendix A

A.1. Data reduction
This appendix provides a more detailed description of the reduction process for the OSIRIS data; Fig. 10 is a flowchart that details the steps in the reduction. The raw OSIRIS data consisted of 1,019 overlapping spectra on the detector. The first step in the reduction process was to run the data through the OSIRIS Data Reduction Pipeline (Krabbe et al., 2004) . The pipeline performs many tasks, including removing cosmic rays, subtracting a bias offset, and correcting dispersion. There is also an option for subtraction of another image, such as a dark frame, prior to image rectification. The primary purpose of the pipeline is to separate the overlapping spectra using a process similar to a Lucy-Richardson deconvolution (Richardson, 1972; Lucy, 1974) . This is achieved using rectification matrices, maps of the point spread function of each lenslet at every wavelength, and each combination of filter and plate scale has a unique rectification matrix. The final product of the pipeline is a 3D data cube with two spatial and one spectral dimension. Each 2D image in the data cube corresponds to a different wavelength. We produced two data cubes from each raw file: one by subtracting a master dark frame (the median of 5 individual dark frames) of suitable integration time (dark-subtracted) and one by subtracting the sky image of that set (sky-subtracted).
Following the pipeline reduction, we further reduced the data using an in-house IDL routine to extract 1D Pluto, Charon, and solar analog spectra. All data cubes were reduced following the process outlined below. The first step was to compute the mean of the sky-subtracted 3D data cube in the spectral direction. This collapsed the data cube into a 2D image (Fig. 2 , left-hand side). In order to simplify the reduction process, we chose to use the full width at half maximum (FWHM) and centroid positions of Pluto and Charon from the 2D average image. The centroid position was set as the position of the trace and the FWHM as the aperture radius in every image of the data cube. To ensure that this was acceptable, we examined the centroid position of the solar analog in a few Hbb and Kbb data cubes; the maximum deviation of the centroid position from the average within any given cube was about 0.1 pixel. The aperture radii for Pluto, Charon, and the solar analog were different; using the same aperture size for Pluto and Charon would have introduced additional noise into the Charon spectrum. Any pixels not at least partially included in the circular apertures of Pluto or Charon were considered background pixels. The median value of the background pixels in each image was then subtracted from every pixel in the image. The Pluto and Charon fluxes at each wavelength were extracted using the IDL routine basphote ¶ , resulting in a 1D spectrum. The same procedure was followed to extract the 1D spectrum of the solar analog. We performed our own wavelength calibration using the dark-subtracted sky frames from each set of data cubes. These cubes were collapsed into a 1D spectrum by summing the pixels along both spatial dimensions. A third order polynomial was robustly fit to the 1D spectrum to model the increase in sky glow with increasing wavelength, especially in the K band. The polynomial was then subtracted from the spectrum, yielding a flat continuum between the emission lines. The average and standard deviation of the continuum were robustly determined (by removing outliers as in Buie and Bus, 1992) in order to prevent the emission lines from skewing the values. To identify the OH emission lines, a threshold was set at the average of the continuum plus 5 standard deviations. We fit a Lorentzian profile to each group of points above the threshold to determine the centroid of the peak. These values were matched to tabulated vacuum wavelengths of OH emission from Rousselot et al. (2000) to construct a wavelength solution. This procedure was identical for the Pluto/Charon and solar analog data cubes. We used the wavelength solutions from this procedure, as they were nearly identical to the solutions provided by the Data Reduction Pipeline.
A.2. Telluric correction
Telluric absorption from water vapor in Earth's atmosphere was corrected for in both H and K spectra using an iterative method developed in-house and written in IDL. The basic process was to determine the water vapor overburden that best corrected for telluric absorption in the separate Hbb and Kbb solar analog spectra on a nightly basis; we then calculated the transmission spectra at the various airmasses of the individual Charon spectra for that water vapor overburden. ATRAN models (Lord, 1992) were generated using a web-based input form . These models are synthetic atmospheric transmission spectra that take into account atmospheric absorption primarily from water vapor, but also from trace species such as ozone and methane. The parameters that go into creating the ATRAN models are observatory altitude, observatory latitude, water vapor overburden, number of atmospheric layers, zenith angle, wavelength range, and smoothing resolution. The observatory altitude (13,600 feet for Keck Observatory), observatory latitude (39
• , as recommended), number of atmospheric layers (2, as recommended), wavelength range (1.473-2.382 µm), and smoothing resolution (3800) were the same for all ATRAN models. Even though Keck is actually at a latitude of 20 • , the instructions recommended setting the latitude to 39
• . This value determines the quantity of ozone included in the model and ozone dependence with latitude is negligible compared to diurnal and seasonal variations. ATRAN models were generated by varying the water vapor overburden from 250 µm to 10,000 µm in steps of 250 µm for each value of the zenith angle. The zenith angles (z=cos −1 (1/X)) used were those of the solar analog spectra and were calculated from the specified airmass value (X) provided in the data cube FITS headers. The ATRAN atmospheric absorption models were then resampled onto the H and K wavelength grids. Our iterative http://atran.sofia.usra.edu/cgi-bin/atran/atran.cgi method, btellcor, takes an uncorrected 1D spectrum as an input. From there, it determines the wavelength range of the spectrum and its airmass, then selects the appropriate set (H or K) of resampled ATRAN models. The uncorrected spectrum is divided by each model in the set. A line is fit across a region of strong telluric absorption (1.753-1.803 µm for H and 2.315-2.377 µm for K), with the model that best eliminates telluric absorption determined by calculating the standard deviation of the residuals (data minus model). Because the original ATRAN models were created at a relatively coarse interval of water vapor overburdens (250 µm), the true best fit model may lie in the gaps between ATRAN models. To more accurately determine the best fit water vapor overburden, new ATRAN models are constructed at 10 µm intervals between the ATRAN models bracketing the minimum standard deviation model. The model that best eliminates telluric absorption is then determined in the same manner as described previously. We assumed a minimal variation in water vapor overburden throughout each 4-5 hour observing session. This assumption was backed up by optical depth measurements from the Caltech Submillimeter Observatory (CSO) * * ; mm of H 2 O was calculated by multiplying the optical depth obtained at 225 GHz by 20. Of the 6 observing sessions, the water vapor overburden changed by less than 1 mm for 4 sessions ( -07-24, 2015 ( -07-28, 2015 ( -08-08, and 2015 , about 1 mm for 1 session (2015-07-18 UT), and 1 night did not have data available (2015-07-14 UT). Using btellcor, the water vapor overburden that best eliminated telluric absorption for each filter/night combination was determined from the average of the 2 A and 1 B spectra of the solar analog obtained at the beginning of the night; the airmass was taken from the B spectrum. We did not aim to determine the true value of the water vapor overburden, just the value that best corrected the spectrum. ATRAN models were generated using the web-based interface at the determined water vapor overburden and the zenith angle of each Charon spectrum. Each telluric-corrected Charon spectrum was then divided by the appropriate corrected solar analog spectrum to eliminate solar absorption bands.
A.3. Geometric albedo scaling
Conversion of relative reflectance to geometric albedo required scaling to a previously published Charon spectrum due to light losses from the Keck AO system. The maximum Strehl ratios for the H and K bands with NGS are 0.45 and 0.65, respectively † † ; for LGS, the maximum Strehl ratio is 0.39 ‡ ‡ . The average in the relatively flat regions 1.72-1.80 µm (H band) and 2.23-2.26 µm (K band) were calculated in our grand average spectrum. We used the HST/NICMOS Charon spectrum from Fig. 3 of Buie and Grundy (2000) to anchor our geo-metric albedo calculation: between 1.72-1.80 µm and 2.23-2.26 µm the albedo values are 0.365 and 0.32, respectively. The H spectrum was then multiplied by 0.365 and divided by the H average; the K spectrum was multiplied by 0.32 and divided by the K average. Buie and Grundy (2000) calculated the geometric albedo using a Charon radius of 593 km; Stern et al. (2015) provide a more accurate value of 606 km from New Horizons observations. The H and K spectra were both scaled by (593 km/606 km) 2 to correct the geometric albedo for the difference in radii (albedo is proportional to the inverse of the square of the radius).
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